The current-induced spin polarization and momentum-dependent spin-orbit field were measured in In x Ga 1−x As epilayers with varying indium concentrations and silicon doping densities. Samples with higher indium concentrations and carrier concentrations and lower mobilities were found to have larger electrical spin generation efficiencies. Furthermore, current-induced spin polarization was detected in GaAs epilayers despite the absence of measurable spin-orbit fields, indicating that the extrinsic contributions to the spin polarization mechanism must be considered. Theoretical calculations based on a model that includes extrinsic contributions to the spin dephasing and the spin Hall effect, in addition to the intrinsic Rashba and Dresselhaus spin-orbit coupling, are found to qualitatively agree with the experimental results.
is a phenomenon in which a bulk electron spin polarization is generated by an electric field applied in the plane of the sample. It has been measured in semiconductor epilayers [1, 2] and in 2-dimensional electron gases (2DEGs) [3, 4] , and is of interest for the development of an all-electrical, all-semiconductor spintronic device [5] . Indeed, all-electrical spin generation and spin manipulation has been demonstrated in n-InGaAs [6] .
However, the polarization mechanism is still unclear. Although it was predicted that the spin polarization should be proportional to the spin-orbit (SO) splitting [7] , measurements performed on InGaAs epilayers showed that the crystal axis with the smallest SO splitting had the largest CISP and vice versa [2] . In addition, CISP has been measured in GaN [8] and ZnSe [9] , which have weak SO coupling.
At the origin of the spin polarization by an electric current, there is a lowering of the allowed symmetry transformations. The reduced symmetry implies the appearance of terms linear in momentum in the effective Hamiltonian for the electricity carriers. These linear-inmomentum terms may have both intrinsic or extrinsic character. In the former case, they appear in the effective band Hamiltonian. Such a situation has been studied first for the Dresselhaus spin-orbit coupling [10] and the Rashba spin-orbit coupling [11] . Later, both the above spin-orbit couplings were considered [12] , as well as the interplay with a Zeeman term [13, 14] . In the latter case of extrinsic character, the linear-in-momentum terms appear in the scattering potential [15] .
In this article, we report on measurements of CISP and SO fields in InGaAs and GaAs epilayers with varying indium concentrations and doping densities. The observation of CISP in GaAs epilayers, in which the SO fields are smaller than what we can measure (<0.1 mT), suggests that extrinsic mechanisms must be considered in order to explain CISP. We compare our experimental results for InGaAs epilayers to a model proposed by Gorini et al. [16] for a 2DEG, which includes intrinsic and extrinsic contributions to the spin dephasing and the spin Hall effect, as well as the inverse spin galvanic effect.
Five InGaAs and two GaAs samples were studied, each consisting of a 500 nm epilayer grown by molecular beam epitaxy (MBE) on a semi-insulating (001) GaAs substrate.
All samples were Si-doped at different concentrations. The samples were etched into a cross-shaped channel with arms along the [110] and [110] crystal axes. This allows for the application of an electric field along an arbitrary in-plane crystal axis [2] . Table 1 shows a summary of sample parameters. The indium concentrations are determined from X-ray rocking curves (XRC), which also show the epilayers to be pseudomorphic or nearly pseudomorphic with the substrate, i.e. the strain relaxation is minimal. The carrier concentrations are determined from Hall and van der Pauw measurements performed on the cross-shaped channels. The mobility and SO coefficients α and β, defined below, are determined from spin-drag measurements [17] , and the spin dephasing time T * 2 is determined from time-resolved Faraday rotation (TRFR) measurements. All values are measured at 30 K.
Spin-orbit coupling in semiconductors manifests as an effective internal magnetic field.
In zinc-blende semiconductors, this is described by the Hamiltonian [18] 
for x [110] and y [110] , where α includes Rashba-like contributions from structural inversion asymmetry and uniaxial strain, and β includes linear Dresselhaus-like contributions from bulk inversion asymmetry and biaxial strain [17] . As these two components of the SO field have different crystal axis dependences, the anisotropy of the SO field is characterized by the parameter r = α/β. In our InGaAs samples, the maximum SO field is along [110] and minimum along [110] crystal axes.
The SO fields are measured by performing pump-probe spin drag measurements on the samples [19] . The samples are mounted on the cold-finger of a continuous flow cryostat, and all measurements are performed at 30 K unless otherwise noted. A tunable-wavelength pulsed Ti:Sapph laser is split into pump and probe pulses, and the relative time delay of the two pulses can be varied using a mechanical delay line. The pump pulse is circularly polarized in order to induce a spin polarization in the sample according to the optical selection rules. When an electric field is applied across the sample, the electron spins precess about the vector sum of the external and SO fields. The Faraday/Kerr rotation θ F,K can be described by the equation
where A n (x) is the amplitude due to successive pump pulses, g is the electron g-factor, µ B is the Bohr magneton, B ext is the external magnetic field, B int is the internal SO field, ∆t is the time delay between the pump and probe pulses, and t rep = 13.16 ns is the time between TABLE I . Material parameters for all the samples. Since the SO fields in the GaAs samples were very small, the SO parameters α, β, and r could not be determined. Furthermore, as the absorption of the GaAs epilayers cannot be measured, the conversion between Faraday angle and spin density cannot be calculated. configuration of parallel electric and magnetic fields, the SO field is purely perpendicular to the external magnetic field and manifests as a reduction of the amplitude of the center peak of the magnetic field scans (Fig. 1c) . We measure the magnitude of the SO field as a function of applied voltage.
The SO field is found to be linear with drift velocity (Fig. 1d) , where the slope κ is used to characterize the strength of the SO field. Measurements of κ for voltages along the [110] and [110] crystal axes allow us to extract the SO parameters α and β (Table 1) .
CISP is measured with the Faraday rotation of the probe beam in the absence of optical pumping (Fig. 2a) . This is described by the equation [1]
where θ el is the amplitude of the electrically induced Faraday rotation, ω L is the Larmor precession frequency, and τ is the transverse spin lifetime. The electrical induced spin density can be related to the electrically induced Faraday rotation with the equation (see Supplemental Material)
where ρ op and θ op are the optically induced spin density and Faraday rotation respectively.
The ratio ρ el /θ el for the InGaAs samples is shown in Table 1 . The quantity of interest is the density of spins oriented per unit time, given by γ = ρ el /τ .
The measurement shown in Fig. 2 is performed for various voltages applied parallel to the external magnetic field. Fit values for ρ el and τ are shown in Fig. 2b ,c as a function of the voltage, which is given in terms of the drift velocity. γ is found to be proportional to the drift velocity (Fig. 2d) , and the slope η is used to characterize the electrical spin generation Samples with higher carrier concentrations were found to have greater CISP (Fig. S2a) .
Assuming the same rate of spin polarization, this would result in a larger spin density given a larger carrier concentration. Furthermore, samples with lower mobility had greater CISP (Fig. S2b) . Since the mobility is proportional to the momentum scattering time, this indicates that samples with less time between scattering events had greater spin polarizations, and suggests that an extrinsic polarization mechanism dominates.
We also found that samples with higher indium concentration had higher electrical spin generation efficiencies (see Fig. S1a ). Higher indium concentration causes more strain in the InGaAs epilayer due the 7% lattice mismatch between InAs and the GaAs substrate.
The higher strain results in larger SO splitting in the epilayer. Thus, this suggests that the amount of SO splitting is related to the amount of CISP, albeit not in the direct way described by the model with only Rashba and Dresselhaus SO contributions. There was no clear correlation between the spin dephasing time and the magnitude of CISP (see Fig.   S1b ).
In contrast to InGaAs grown on GaAs substrates, GaAs epilayers do not have strain induced spin-orbit fields. However, we also observed CISP in GaAs (see Fig. S2 ). As with the InGaAs samples, we found that the CISP was greater along the [110] axis than the [110] axis. Furthermore, we found that the GaAs sample with higher carrier concentration had more CISP, consistent with the measurements in InGaAs.
The SO fields in the GaAs samples were very small (<0.1 mT) for both the [110] and
[110] crystal axis. Since we were able to detect CISP despite the absence of measurable SO fields, this again suggests that the electrically generated spin polarization mechanism is not fully explained with the model with purely intrinsic SO contributions.
Gorini et al. derived the Bloch equation for a 2DEG including both intrinsic and extrinsic SO contributions to the spin dephasing, the spin Hall effect, and the spin-generation torque [16] . The change in the total spin polarization over time is given as:
where N 0 is the density of states, and θ
int(ext) SH
is the spin Hall angle due to intrinsic (extrinsic)
contributions [14, 20] . Γ DP and Γ EY are the dephasing rate tensors for the two dominant mechanisms: D'yakonov-Perel' (DP) dephasing [21] , an intrinsic effect that is due to precession of the spins about momentum-dependent spin-orbit fields between scattering events, and Elliot-Yafet (EY) dephasing [22] , an extrinsic effect that is due to spin flips at scattering events [23] .
The relative strength of the DP and EY dephasing mechanisms can be determined from temperature dependent measurements of the spin dephasing time and mobility (see Supplemental Material). At 30 K, the temperature at which all CISP and SO field measurements were performed, the extrinsic EY dephasing mechanism was found to be comparable to or dominant over the intrinsic DP dephasing mechanism for all samples.
Using Eq. 5, we can solve for the theoretical steady-state spin density ρ el,th , and therefore the theoretical spin generation rate per unit drift velocity η th . The values for η th calculated using the material parameters of the five InGaAs samples are shown in Fig. 3b 
where ρ op is the density of optically polarized spins, σ x and σ y are the widths of the Gaussian profile of the pump spot, d is the thickness of the epilayer, P pump is power of the pump spot, α is the absorption of the epilayer, and f rep and λ are the repetition rate and wavelength of the laser.
The Faraday rotation due to optical injection is given by
where the factor of two in the exponent accounts for the spatial profiles of the pump and probe beams. In this way, we can get the conversion factor A = θ op /(πdρ op σ x σ y ) between the spin density and the Faraday rotation.
The density of electrically polarized spins ρ el is related to the Faraday rotation by the equation
The electrically induced spin polarization is spatially uniform, and so the only spatial dependence comes from the spatial profile of the probe beam. By including the results for the proportionality factor A into Eq. S3, we arrive at the result for the steady-state density ρ el : The ratio of the electrically generated spin density ρ el to the Faraday angle θ el for the measurements along both crystal axes of each sample are given in Table 1 .
Current Induced Spin Polarization vs. In concentration and T *
2
Samples with higher indium concentration had higher electrical spin generation efficiencies (Fig. S1a) . There does not seem to be a relationship between the spin generation efficiency and the spin dephasing time (Fig. S1b) .
Current Induced Spin Polarization in GaAs epilayers 
Determining the Relative Strength of the Spin Dephasing Mechanisms
The total spin dephasing time is given by [24] 1
where T is the temperature, and C EY and C DP are coefficients denoting the relative strength of the EY and DP dephasing mechanisms.
We performed temperature dependent measurements of the spin dephasing time τ s and mobility µ, in order to extract the relative strength of the EY and DP dephasing mechanisms.
We can fit for C EY and C DP in Eq. S5 using a two independent variable fit, with T and µ as the independent variables. The relative strength of the two dephasing mechanisms is then defined by
The value of q(T ) calculated from the fits of the dephasing time and Eq. S6 is shown in 
Theoretical Spin Generation Efficiency vs r and q
The theoretical value for η th was also calculated as a function of r and q using material parameters for Sample D. Although the anisotropy in the spin generation efficiency is greatest at r = 1, the total magnitude of the efficiency is lowest for that value (Fig. S4a) .
Although it is necessary to include the EY dephasing mechanism in order to get the negative differential relationship between CISP and the SO splitting, samples in which the DP dephasing mechanism dominates (i.e. q < 1) have larger electrical spin generation efficiencies (Fig. S4b ).
Crystal Axis with Maximum CISP
For the materials under study in this work, CISP was measured to be maximum along axis.
We begin by defining the following dimensionless parameters (in units of = c = 1): , and so we have s H > q(1 + r 2 + q) (1 − r 2 ) 2 + q(1 + r 2 )
: a 0 > 0 and S xy maximum for E [110]
s H < q(1 + r 2 + q) (1 − r 2 ) 2 + q(1 + r 2 ) : a 0 < 0 and S xy maximum for E [110]
(S16) 
